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Abstract. Ecosystem functioning is threatened by an increasing number of anthropogenic
stressors, creating a legacy of disturbance that undermines ecosystem resilience. However, few
empirical studies have assessed to what extent an ecosystem can tolerate repeated disturbances
and sustain its multiple functions. By inducing increasingly recurring hypoxic disturbances to
a sedimentary ecosystem, we show that the majority of individual ecosystem functions
experience gradual degradation patterns in response to repetitive pulse disturbances. The
degradation in overall ecosystem functioning was, however, evident at an earlier stage than for
single ecosystem functions and was induced after a short pulse of hypoxia (i.e., three days),
which likely reduced ecosystem resistance to further hypoxic perturbations. The increasing
number of repeated pulse disturbances gradually moved the system closer to a press response.
In addition to the disturbance regime, the changes in benthic trait composition as well as
habitat heterogeneity were important for explaining the variability in overall ecosystem
functioning. Our results suggest that disturbance-induced responses across multiple ecosystem
functions can serve as a warning signal for losses of the adaptive capacity of an ecosystem, and
might at an early stage provide information to managers and policy makers when remediation
efforts should be initiated.
Key words: ﬁeld study; habitat heterogeneity; hypoxia; multiple ecosystem functions; recurring
disturbances; resilience; resistance.
INTRODUCTION
Ecosystems provide multiple functions such as ele-
mental cycling, physical structuring, and production,
which are of immense value to humanity. As human
dominance over ecosystems has grown, anthropogenic
disturbances have increased in frequency, extent, and
intensity, threatening ecosystem biodiversity and func-
tionality (Vitousek et al. 1997). This has resulted in a
critical need to understand ecosystem resilience, i.e., the
ability of a system to sustain its domain of stability when
facing external disturbances and internal change (Hol-
ling 1973, Cumming et al. 2005), which provides an
insurance against impairment of ecosystem functions
(Thrush et al. 2009). Theoretical studies indicate that the
resilience of an ecosystem is affected by its disturbance
history, as slowly degrading conditions can make a
system increasingly vulnerable to further perturbations
(Scheffer et al. 2001, Suding and Hobbs 2009). There is,
however, little empirical insight regarding the extent to
which an ecosystem can tolerate repeated disturbances
and still sustain its functionality (Thrush et al. 2009).
Disturbance has been deﬁned as ‘‘any relatively
discrete event in time that disrupts ecosystem, commu-
nity, or population structure and changes resources,
substrate availability or the physical environment’’
(White and Pickett 1985). The recurrence of natural
disturbances is often limited over time relative to the
generation time of the residing biota, and may consist of
a few events within or among years (Smith et al. 2009).
Natural disturbances have thus often been regarded as
‘‘pulse’’ disturbances, i.e., short-term, delineated distur-
bances, from which the system can return to its previous
equilibrium (Bender et al. 1984). Due to human
activities, the frequency (i.e., rate of occurrence) of such
disturbances have, however, been observed to increase
(Lake 2000, Bengtsson et al. 2003, Smith et al. 2009).
When a disturbance becomes continuous and exerts a
constant level of stress, it is deﬁned as a ‘‘press’’
disturbance (Bender et al. 1984, Lake 2000), and such
a perturbation might change the stability of the system
(Ives and Carpenter 2007) and have severe implications
for ecosystem functioning (Thrush et al. 2009). Howev-
er, even small disturbances can lead to dramatic shifts in
environmental state (Scheffer et al. 2001, Ives and
Carpenter 2007), and the response of an ecosystem may
thus not be proportional to the magnitude of distur-
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bance (Glasby and Underwood 1996, Lake 2000, Smith
et al. 2009). This emphasizes the need for assessing the
consequences of increasingly recurring disturbances for
ecosystem resilience and for changes in overall func-
tioning.
Increasing evidence indicates that humans inﬂuence
ecological resilience by changing the biological capacity
of ecosystems to withstand disturbances (Suding and
Hobbs 2009, Thrush et al. 2009). A major part of recent
research considering disturbance-induced changes in
ecosystem functions has focused on the consequences
of biodiversity loss. For example, studies have found
negative effects of biodiversity loss on ecosystem
functions like productivity and decomposition (Hooper
et al. 2012), and in marine soft-sediment environments,
species extinctions are expected to particularly reduce
bioturbation, an important macroinvertebrate-mediated
process (Lohrer et al. 2004, Solan et al. 2004). The
impact of species on ecosystem functions depends in part
on what functional traits they express (Needham et al.
2011, Cardinale et al. 2012). A trait is considered to be a
proxy of an organism’s performance, describing the
morphological, physiological, or phenological charac-
teristics of an individual species (Violle et al. 2007), but
it also incorporates the interaction between a species and
its environment (cf. Bremner et al. 2003). Consequently,
the extent to which a disturbance affects ecosystem
functioning depends greatly on the sequence of species
lost and which biological traits become impaired
(Cardinale et al. 2012). It has thus been emphasized
that biodiversity, together with other parameters deter-
mining the performance of biotic communities (e.g.,
functional identity and dominance), is important for
sustaining ecosystem functions (Hooper et al. 2005,
Hillebrand and Matthiessen 2009). However, biodiver-
sity is not always the only, or even the primary driver of
ecosystem functioning (Maestre et al. 2012).
Ecosystems are inherently complex, with functions
resulting from the interplay of behavioral, biological,
chemical, and physical interactions over a range of
spatial and temporal scales (Michener et al. 2001). For
example, environmental heterogeneity of habitats has
been shown to affect ecosystem processes both directly
and through interactions with the biota (Dyson et al.
2007, Tylianakis et al. 2008). Disturbances, whether
natural or human-induced, are likely to affect several of
the factors and/or interactions that determine a func-
tion, often in a nonrandom manner. In a large data
synthesis, Hooper et al. (2012) estimated that the direct
effects of environmental stressors (e.g., climate warming
and ocean acidiﬁcation) could be of comparable
magnitude to the effects of species loss for ecosystem
functions such as productivity and decomposition. Still,
few studies evaluating changes in ecosystem functioning
have considered the consequences of realistic distur-
bance scenarios in natural complex environments
(Naeem et al. 2012). There is thus a need to evaluate
the effects of diversity loss together with concurrent
structural, physical, and/or chemical environmental
change (Hooper et al. 2012). Merely focusing on single
ecosystem functions might, however, underestimate the
consequences of disturbance-induced changes in biodi-
versity, as ecosystem multifunctionality is likely to be
more susceptible to species loss (Hector and Bagchi
2007, Gamfeldt et al. 2008) and disturbances. Further-
more, the indirect relationships and feedback loops
between different functions might be of importance for
the resilience of ecosystems subjected to disturbance
(Thrush et al. 2012). This emphasizes the importance of
accounting for multiple ecosystem functions when
examining how natural, complex systems react to
different levels of stress.
Disturbances may vary in frequency, extent, and
intensity, and the type of disturbance and its speciﬁc
dimensions is of importance for the effects on ecosystem
functioning (Sousa 2001). Hypoxia (i.e., low oxygen
levels, ,2 mg O2/L) is a global and highly dynamic
stressor to marine ecosystems that has increased in
extent and severity due to human-induced eutrophica-
tion and global warming (Diaz and Rosenberg 2008).
Hypoxia is reported to increase both in coastal areas
(Diaz and Rosenberg 2008) and in the open oceans (i.e.,
expansion of oxygen minimum zones; Levin 2003,
Keeling et al. 2010, Ulloa et al. 2012), with severe
consequences for marine biogeochemical cycling as well
as the biota. Oxygen deﬁciency is a threat to the
ecosystem not only when the hypoxia is permanent, but
also when it is intermittent, as hypoxic disturbance can
leave a biogeochemical ‘‘memory’’ (i.e., an increased
pool of reduced compounds in the sediment), partly
resulting from the loss of bioturbating fauna (Hagy et al.
2004, Conley et al. 2007). In coastal zones, the frequency
of hypoxic events has increased (Conley et al. 2011), and
it has been suggested that frequent hypoxic stress might
reduce the resilience of coastal sedimentary ecosystems
to future hypoxic disturbance by altering their function-
ing (Conley et al. 2007, 2009). The consequences of such
repeated disturbance for ecosystem functioning will
depend on ecosystem resistance to, as well as recovery
from, the stress.
Here we report the results of a manipulative ﬁeld
experiment where we investigated the consequences of
recurring disturbance events (bottom-water hypoxia) on
the multifunctionality of a shallow sedimentary ecosys-
tem in the Baltic Sea. The disturbance had the character
of both ‘‘pulse’’ (increasing number of recurring short
periods of hypoxia) and ‘‘press’’ (a longer, uninterrupted
period of hypoxia) disturbance. We test the overall
hypothesis that even short, but repeated, periods of
hypoxic disturbance have negative effects on overall
ecosystem functioning (i.e., the joint response of many
ecosystem functions; Gamfeldt et al. 2008), and that the
ecosystem response to increasingly recurring pulses of
disturbance will gradually resemble a press response. We
chose to focus on one aspect of resilience, i.e., resistance,
and measured it by evaluating changes in a range of
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ecosystem functions in response to disturbance (cf. Lake
2000, Ives and Carpenter 2007). We speciﬁcally explore
the following hypotheses: (1) increasing numbers of
repeated hypoxic events will result in successively larger
changes in ecosystem functioning, illustrating that pulse
disturbances increase ecosystem susceptibility to further
hypoxic stress; (2) the overall disturbance response in
ecosystem multifunctionality will deviate from patterns
observed for single ecosystem functions; (3) a large part
of the variability in ecosystem multifunctionality can be
explained by the number of recurring disturbance
events; while (4) a signiﬁcant amount of change will be
due to disturbance-induced changes in the biological
trait composition of the macrobenthic community.
Changes in trait characteristics such as feeding mode,
mobility, size, position in sediment, and reworking mode
may have a signiﬁcant role for ecosystem functioning
through their inﬂuence on physical habitat structuring,
biomass production, and nutrient cycling. We chose a
comprehensive set of response measures to represent the
multiple ecosystems functions. These functions are
important characteristics for aquatic ecosystems (Giller
et al. 2004) and depict sediment ecosystem metabolism,
elemental cycling, biomass production, organic matter
transformation, and physical structuring (Table 1).
METHODS
Experiment setup
The experimental site was situated in the Gulf of
Finland (5985002400 N, 2381503700 E), northern Baltic Sea.
The Baltic Sea is a young brackish-water basin, with low
species diversity due to its strong environmental
gradients (Villna¨s and Norkko 2011). Hypoxia, caused
by dense, drifting algal mats or by water column
stratiﬁcation is a severe problem in this sea area.
Episodic hypoxia is especially common during late
summer (July–October) and might last from days (pulse
disturbance) to months (press disturbance; Norkko and
Bonsdorff 1996a, Vahteri et al. 2000, Laine et al. 2007,
Conley et al. 2011). The short pulses of hypoxic
disturbance are known to recur, as weather conditions
can change the strength and depth of water column
stratiﬁcation and direct the movement of algal mats, in
cases creating repeated occurrences of intermittent
hypoxia (Stanley and Nixon 1992, Norkko and Bons-
dorff 1996b, Eby et al. 2005, Conley et al. 2007). To
investigate the effects of repeated pulses of hypoxic
disturbance vs. a longer period of hypoxic stress (press
disturbance), we introduced oxygen deﬁciency to sub-
merged, coastal sediments (5 m depth) by securing 1-m2
black plastic sheets to the seaﬂoor (methods as in
Norkko et al. 2010, Villna¨s et al. 2012). Dark plastic has
proved to be an efﬁcient way of inducing standardized
levels of hypoxia, as it prevents the exchange of oxygen
across the sediment–water interface and the oxygen
production by benthic primary producers. Dark condi-
tions are representative of hypoxic conditions intro-
duced beneath drifting algal mats or by water-column
stratiﬁcation beneath the photic zone. Our experiment
included ﬁve treatments (Appendix A) each replicated
four times. The treatments represented undisturbed
sediments (C, control), sediments exposed to a long,
uninterrupted period of hypoxia (i.e., 30 days of press
disturbance, L, long), as well as sediments exposed to
increasing recurrences of short pulses of hypoxia, i.e.,
repeated 1, 3, and 5 (R1, R3, and R5, respectively).
Treatment R1 was exposed to one hypoxic pulse, i.e.,
three days of hypoxia. The intermittent hypoxic
disturbance in treatment R3 was induced by repeating
the pulse of short hypoxia (i.e., three days) three times
for each replicate plot. Between the pulses of hypoxia,
oxic conditions were allowed to reestablish by removing
TABLE 1. Selected ecosystem functions and their individual response to increasing occurrence of hypoxic events.
Functional class Ecosystem function Measured variable
Treatment
C R1 R3 R5 L
Ecosystem metabolism oxygen consumption O2 – – – #
Elemental cycling nutrient exchange:
P PO4
3 – – – #






Biomass production primary production chl a – # #





phaeophytins vs. chl a – " "
diatoxanthin vs.
diadinoxanthin
– – – – "
Physical structuring bioturbation BPc – –  # #
Notes:Differences between treatments were identiﬁed with ANCOVA, followed by Tukey’s post hoc test (P, 0.05; Appendix C:
Table C1). Arrows mark direction of signiﬁcant increase or decrease in a function, compared to treatments marked with horizontal
lines. If Tukey’s post hoc test could not separate a treatment from any of the others, the cell is empty. No signiﬁcant differences for
ANCOVA are indicated by ‘‘ns’’ (P . 0.05). The treatments were: C, control; R1, repeated 1; R3, repeated 3; R5, repeated 5; L,
long, uninterrupted period of hypoxia. BPc is the community bioturbation potential.
 Treatments that differ signiﬁcantly from each other (P , 0.05).
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the plastic for four days. Four days of oxic conditions
may partly reestablish biogeochemical processes that
depend on molecular diffusion and hydrodynamic
forcing (Middelburg and Levin 2009), but this period
is not likely to allow for a full recovery of the considered
ecosystem functions (Larson and Sundba¨ck 2008). For
treatment R5, there were ﬁve pulses of short hypoxic
disturbance (each one again lasting three days), in
between which oxic conditions were reestablished during
four days by removing the plastic. The disturbance was
ended simultaneously for the R1, R3, R5, and the L
treatment as the plastic was rolled away after the last
hypoxic period, and all measurements were done 24 h
after the disturbance ended (in August 2009, water
temperatures were between 158 and 198C). In order to
encompass the natural environmental heterogeneity at
the experimental site, the four replicates of each
treatment (total N ¼ 20) were placed in a block design
along four orthogonal 17 m long transects, so that each
block contained one replicate of each treatment. Each
replicate plot was separated by at least 4 m from the
others. The four blocks encompassed a gradient of
slightly increasing organic matter (0.74% 6 0.07% to
1.99% 6 0.19%, mean 6 SE; for description of sediment
analysis and basic sediment properties see Appendix B:
Table B1). All manipulations, chamber incubations, and
subsequent sampling were done using scuba.
Measures of ecosystem function
The examined ecosystem functions included aspects of
ecosystem metabolism, elemental cycling, biomass pro-
duction, organic matter transformation, and physical
structuring (Table 1). To estimate changes in ecosystem
metabolism and elemental cycling, measurements of
sediment oxygen consumption and nutrient ﬂuxes were
performed with dark benthic chambers, excluding effects
of primary production. After the plastic was rolled
away, one chamber frame was pressed 6 cm into the
sediment in the center of each plot, resulting in a ﬁnal
water volume of ;6 L. To avoid sampling of initial
sediment reactions, ﬂushing of the sediment was allowed
for 24 h. Thereafter incubation started by installing dark
chamber lids and ended 6.5 h later. Water samples were
taken from the chambers at start and end of the
incubation. To correct for water column effects, four
1-L dark LPDE bottles were used for incubation of
ambient water during the experiment (for further
method description, see Villna¨s et al. 2012). Water
samples were analyzed for dissolved oxygen concentra-
tions (determined according to the Winkler procedure),
while NH4
þ, NOx (NO3
þNO2), PO43, and dissolved
Si (silicate) were measured spectrophotometrically with
an autoanalyzer (Lachat QuickChem 8000; Lachat
Instruments, Loveland, Colorado, USA). The ICP-
OES technique was used for measuring Fe2þ (total
dissolved Fe) concentrations. Changes in phosphorus
and nitrogen dynamics were further examined by
measuring sediment phosphate (PO4
3) sorption and
denitriﬁcation rates. Phosphate sorption properties of
surface sediments (0–3 cm; 2.0 cm diameter cores) were
studied from the C, R3, and L treatments to clarify the
effect of oxygen deﬁciency on behavior of phosphate at
the sediment–water interface (methods modiﬁed from
Koski-Va¨ha¨la¨ and Hartikainen 2001; Appendix B).
Denitriﬁcation was measured for four replicate samples
from each replicate plot, using the isotope pairing
technique (Nielsen 1992; Appendix B), and nitriﬁcation
was calculated as the sum of Dn (coupled nitriﬁcation–
denitriﬁcation) and the NOx ﬂux out of the sediment.
The potential for primary biomass production in the
sedimentary habitat was estimated by measuring micro-
phytobenthic biomass through chlorophyll a determina-
tion, while pigment degradation ratios were used to
estimate algal matter decomposition (i.e., by calculating
the phaeophytin a þ pyrophaeophytin a vs. chl a ratio,
and the diatoxanthin vs. diadinoxanthin ratio, cf.
Veuger and Van Oevelen 2011). As a brownish, benthic
diatom cover was observed on the sediment surface at
the experiment site, we assumed that chl a mainly
represented microphytobenthic biomass. From every
plot a core (2.0 cm diameter) was used to obtain
sediment samples for the quantitative analyses of
pigment concentrations in the uppermost sediment layer
(0–1 cm). Sediments were homogenized and freeze-dried
(708C) and the pigment concentrations analyzed on a
Shimadzu HPLC according to Josefson et al. (2012).
Secondary biomass production was estimated for the
soft-bottom macrobenthic fauna. Benthic fauna was
sampled with two replicate cores (6 cm diameter, depth
15 cm) from each chamber after incubations ended. In
addition, all chambers were excavated in order to
account for any deeper-burrowing bivalves. Samples
were sieved (0.2 mm), preserved in 70% ethanol, and
stained with rose bengal. The species were identiﬁed to
the lowest taxonomic level possible. Secondary biomass
production was obtained by measuring the total mass of
each species (precision 0.1 mg wet mass, including shells
of mollusks) and by calculating total somatic produc-
tion (Ps, kJm2yr1) for each replicate, using T. Brey’s
(unpublished) multiple regression model. Species-specif-
ic biomass data were converted to energy values using
published conversion factors (e.g., Lappalainen and
Kangas 1975). Using Brey’s calculation spread sheet,
energy values were converted to production estimates.
Benthic bioturbation, which affects the physical and
chemical structure of the sediment, was estimated by
classifying the macrobenthic species to traits depicting
their size, mobility, sediment-reworking mode, and
position. The community bioturbation potential was
calculated according to Solan et al. (2004) as BPc¼ RAi
3Bi
0.53Mi3Ri, where the summation (R) considers all
species in a replicate. Ai is the number of individuals of a
species per square meter; Bi is the average biomass of a
species (grams wet mass); Mi is species’ mobility; and Ri
is species’ reworking mode and position in the sediment.
Mi and Ri are scored on a categorical scale from 1 to 5,
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based on biological trait information obtained from
previously published classiﬁcations (e.g., Bonsdorff and
Pearson 1999) and taxonomic and morphologic litera-
ture sources (e.g., Fish and Fish 1996). Mobility was
scored as: 1, grazers on the sediment surface; 2, ﬁxed
tube; 3, limited movement in the sediment; 4, slow
movement through the sediment; and 5, freely motile.
For sediment reworking: 1, epifauna; 2, surﬁcial
modiﬁers, restricted to the uppermost 1–2 cm of the
sediment; 3, head-down/head-up feeders, actively trans-
porting sediment to/from the sediment surface; 4,
biodiffusers; and 5, gallery diffusers (Solan et al. 2004,
Josefson et al. 2012).
Furthermore, biological trait analysis (BTA) was used
to assess changes in the functional structure of the
benthic community. Similar biological traits as included
in the benthic bioturbation potential (BPc) were
selected, but divided into ﬁve different traits (i.e.,
benthic feeding mode, mobility, size, bioturbation mode,
and position in sediment). The selected traits were
considered important as they are likely to affect the
measured ecosystem functions (Solan et al. 2004,
Josefson et al. 2012, Villna¨s et al. 2012). Each trait
was described by several modalities (Villna¨s et al. 2012).
Species were appointed to each trait according to the
fuzzy coding procedure, allowing species afﬁnity to trait
modalities to differentiate, summing up to 1 within a
trait. A trait matrix was created by correcting each
modality for species- and sample-speciﬁc abundances
(Hewitt et al. 2008).
Statistical analyses
To identify environmental heterogeneity within the
sedimentary habitat, ANOVA was used to explore
differences between blocks and treatments for sediment
organic matter (OM) and total carbon (TC). No
signiﬁcant effects of the disturbance on sediment OM
and TC were detected (P . 0.05; Appendix C: Table
C1), but there were signiﬁcant differences between
blocks (P , 0.05; Appendix C: Table C1). Habitat
heterogeneity was thus accounted for when examining
the disturbance response of individual measures of
ecosystem function (Table 1) by using ANCOVA with
OM (from the 0–3 cm sediment layer) as a continuous
covariable. However, ANOVA was used to explore the
patterns in chl a and pigment degradation ratios. Data
were, if necessary, log10(x þ 1)-transformed to fulﬁll
requirements of normality, homogenous variances, and
homogeneity of slopes. Any signiﬁcant differences
between treatments were further explored with Tukey’s
post hoc test. Univariate statistical analyses were
performed with STATISTICA 10 (Statsoft 2003).
To explore the effects of increasing disturbance on
ecosystem multifunctionality (EMF; all parameters in
Table 1), multivariate analyses were used. An EMF
resemblance matrix was created, in which between-
sample similarities were based on Euclidean distances
calculated on normalized variables that were, if neces-
sary, log-transformed prior to normalization. Permuta-
tional ANOVA (PERMANOVA; Anderson et al. 2008)
was used to detect differences between treatments, while
accounting for environmental heterogeneity by using
sediment OM as a continuous covariable. Although
functional measures such as chl a and pigment
degradation ratios constitute a part of OM, their
correlation to the total organic matter content in the
sediment was either low (i.e., for degradation ratios, r¼
0.47, P , 0.05, N ¼ 20) or nonsigniﬁcant (chl a, P .
0.05), and OM was thus allowed as a covariable for
describing sediment properties in the 0–3 cm sediment
layer. For a posteriori-wise comparisons between
treatments, permutational P values report the exact
outcome of each individual comparison (Anderson et al.
2008). PERMDISP analysis was used to check if data
showed homogeneity in multivariate dispersion among
treatments. Distance-based redundancy analysis
(dbRDA) was used to visualize the position of samples,
as described by overall ecosystem multifunctionality in
multivariate space, when constrained by the predictor
variables ‘‘treatment’’ (i.e., categorical variable, binary
form) and ‘‘organic matter’’ (continuous variable). The
dbRDA vector overlay represents the multiple partial
correlations (if r . 0.5) of the explanatory variables to
the dbRDA axes. In addition, functional parameters
that were signiﬁcantly related to the ordination axes
(0.5  r  0.5, P, 0.01) are marked on the ordination.
Distance-based linear models (DISTLM) were used
to test how much of the overall change in ecosystem
multifunctionality could be explained by (1) treatment,
(2) environmental heterogeneity as represented by
sediment organic matter (OM), and (3) by treatment
after the effect of OM had been removed. Inclusion of
predictor variables in the model was based on AIC
criteria and a stepwise selection procedure. The results
from the three models were used to calculate the
amount of variability explained by treatment alone,
OM alone, and the intersection of these effects, as per
Borcard et al. (1992). An additional DISTLM analysis
was run to explore the role of changes in benthic trait
composition for EMF, while accounting for variability
due to environmental heterogeneity (OM) as well as the
induced disturbance (treatment). Biological trait com-
position was chosen to represent changes in the
macrofaunal community and encompassed the follow-
ing traits: benthic feeding mode, mobility, size,
bioturbation mode, and position in sediment. Differ-
ences in benthic trait composition between treatments
were identiﬁed with one-way analysis of similarities
(ANOSIM). Principal Coordinates Analysis (PCO) was
run to produce variables representing changes in
benthic trait composition; i.e., the ﬁrst two axes of
the community PCO that together explained 95.9% of
the variability (Fig. 1). PCO as well as ANOSIM were
based on Bray-Curtis similarity measures on untrans-
formed trait data. In the additional DISTLM analysis,
the L treatment (devoid of benthic fauna), and the
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benthic functions Ps and BPc were removed from the
resemblance matrix describing EMF. Calculation of
variation was done according to Anderson and Gribble
(1998). Multivariate analyses were performed with the
PRIMER PERMANOVAþ package (Anderson et al.
2008).
RESULTS
Hypoxic conditions were rapidly induced by the
plastic sheets (within 1.5 days; cf. Villna¨s et al. 2012).
Reduced conditions were indicated by partially black
sediment surfaces (likely caused by formation of
ferrosulphides) in treatments exposed to repeated or
uninterrupted periods of hypoxic stress (R3, R5, and L).
When the plastic was removed, bottom water oxygen
concentrations at disturbed plots increased rapidly, and
did not differ from oxygen levels in the surrounding
water column (on average 7.3 mg O2/L) when sampling
took place.
Individual parameters representing sediment ecosys-
tem functions reacted differently to the increasing
hypoxic stress (Table 1; Appendix C: Fig. C1, Table
C1). The benthic bioturbation potential (BPc) was
among the most severely affected ecosystem functions,
as it was signiﬁcantly reduced after three short periods
of repeated hypoxia (R3; Table 1; Appendix C: Fig. C1,
Table C1). Increasingly recurring disturbance events
also caused gradual reductions in parameters represent-
ing primary and secondary biomass production (i.e., chl
a and Ps), and these functions were signiﬁcantly reduced
in the R5 and L treatments compared to their levels in
the control (Table 1; Appendix C: Table C1). The
multivariate pattern in benthic trait composition (Fig. 1)
supported the degradation pattern shown by BPc and Ps.
The PCO ordination (Fig. 1) shows that the benthic trait
composition became degraded in treatments exposed to
repeated hypoxic stress (i.e., R3, R5), while the R1
treatment did not differ signiﬁcantly from the control
treatment. The L treatment had no living fauna and thus
deviated from all the other treatments. The threshold-
like difference between clusters of treatments (i.e., C and
R1 vs. R3 and R5 vs. L) discerned from the ordination
analysis (Fig. 1) was conﬁrmed by plotting the PCO
scores for axes 1 and 2, and through clustering analysis
(not shown). Changes in benthic trait composition was
supported by the changes observed in benthic commu-
nity structure (i.e., abundance and biomass; Appendix
D: Fig. D1). The degradation pattern observed for
primary production estimates was supported by the
phaeophytins vs. chl a ratio, describing a higher pigment
degradation ratio in the R5 and L treatments compared
to undisturbed sediments. However, a signiﬁcant in-
crease in the diatoxanthin vs. diadinoxanthin ratio was
only observed in the L treatment (Table 1; Appendix C:
Fig. C1, Table C1). There was a slightly decreasing trend
in pigment degradation products with repeated distur-
bance, but no signiﬁcant difference was observed
between treatments (ANOVA; P . 0.05).
Sediment oxygen consumption and ﬂuxes of PO4
3,
Fe2þ, and NH4
þ were signiﬁcantly reduced from control
levels only in the L treatment (Table 1; Appendix C: Fig.
C1, Table C1). Analysis of sediment PO4
3 sorption
supported the observed ﬂux pattern of sediment
phosphate, i.e., the reoxidized sediment of the L
treatment had the highest sorption capability. Interest-
ingly, the analysis indicated that the PO4
3 sorption
capability was already affected in the R3 treatment
(Appendix B: Fig. B1b). The phosphate and iron ﬂuxes
correlated (r ¼ 0.715, P , 0.001), and both parameters
were negatively related to the sediment O2 ﬂux (r 
0.54, P  0.01), while no signiﬁcant relation was
observed between these parameters and the ﬂux of
dissolved Si (P . 0.05). The NH4
þ ﬂux had a positive
correlation with macrobenthic biomass (r ¼ 0.637, P ¼
0.003). Three of the parameters representing sediment
nutrient exchange (ﬂuxes of dissolved Si, nitriﬁcation,
and denitriﬁcation) were primarily regulated by habitat
heterogeneity (OM), and were not signiﬁcantly affected
by the disturbance regime (Table 1; Appendix C: Fig.
C1, Table C1). The ﬂux of dissolved Si correlated with
the pigment degradation products diatoxanthin (r ¼
0.745, P , 0.001), phaeophytin a and pyrophaeophytin
a (r . 0.6, P , 0.01).
In contrast to responses observed in single ecosystem
functions, patterns in ecosystem multifunctionality were
FIG. 1. Principal coordinates analysis (PCO) of the
degradation pattern in benthic trait composition in response
to increasing hypoxic disturbance. The following traits were
included: benthic feeding mode, mobility, size, bioturbation
mode, and position in sediment. The treatments were: C,
control; R1, repeated 1; R3, repeated 3; R5, repeated 5; and L,
long, uninterrupted period of hypoxia. PCO axes 1 and 2
together explain 93.8% of the variation. If the L treatment was
excluded from the ordination (not shown) PCO1 explained
84.9% of the total variation, while PCO2 explained 11%. Long-
term hypoxia did result in azoic sediments, with no variation
between treatments; therefore, the four replicates representing
treatment L are indistinguishable and are represented by a
single data point.
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more sensitive, indicating that the system was slightly
affected already after a single three-day pulse of hypoxic
stress (PERMANOVA, C-R1, P ¼ 0.048; Tables 2 and
3). PERMANOVA distinguished signiﬁcant differences
in ecosystem multifunctionality between most treat-
ments, except for the R3 treatment that did not deviate
from the C, R1, or R5 treatment (P. 0.05; Tables 2 and
3). This could be due to the variation within the
sedimentary habitat, as depicted by sediment organic
matter content, which affected ecosystem multifunction-
ality (P , 0.001; Tables 2 and 3) and increased the
variability within treatments in multivariate space (Fig.
2). However, pairwise t values increased when compar-
ing undisturbed sediments to those exposed to increas-
ingly recurring disturbance, indicating a growing
difference between the control and the disturbed
treatments as the stress became more severe (Table 3).
When rerunning the analysis (excluding the L treatment
and the zoobenthic variables Ps and BPc), similar
differences between treatments were observed as with
the full set of variables (cf. Tables 2 and 3 and Appendix
C: Table C2).
The dbRDA ordination conﬁrmed the results ob-
tained by PERMANOVA and distinguished a sequential
degradation pattern in ecosystem multifunctionality
with increasing disturbance (as illustrated by the
horizontal vector overlay in Fig. 2), while variation
due to environmental heterogeneity (i.e., OM) separated
blocks with higher organic matter from those with lower
levels. Correlations between single ecosystem functions
and dbRDA axes 1 (Pearson,0.5 . r . 0.5, P , 0.01)
conﬁrmed that while most functions (i.e., Ps, BPc, chl a,




were reduced with increasing disturbance, pigment
degradation ratios increased. However, functions such
as nitriﬁcation, denitriﬁcation, and sediment ﬂuxes of
silicate correlated with dbRDA axis 2, which was
directed by the sediment organic matter content (Fig. 2).
Distance-based linear models (DISTLM) and subse-
quent variation partitioning (Table 4) suggested that a
large part of the observed variation in ecosystem
multifunctionality (EMF) was due to the increasing
hypoxic disturbance (i.e., 52%), while sediment organic
matter explained 19% of the total variation and 30%
remained unexplained (Fig. 3A). When including
benthic community trait composition as an explanatory
variable in the DISTLM analysis (Fig. 3B), sediment
organic matter explained 17% of the variation in EMF,
while disturbance explained 15% and 6% was explained
by the intersection between these two parameters.
Alone, the trait composition of the macrobenthic fauna
explained only 9% of the variation in sediment
ecosystem functioning, but the intersection between
benthic trait composition and disturbance was signiﬁ-
cant, 31%, emphasizing that disturbance-induced chang-
es in benthic biological traits was of major importance
for overall ecosystem functioning.
DISCUSSION
Recurrent patchy disturbances are characteristic of
most natural ecosystems (Sousa 2001), but the frequency
of such disturbances is increasing with the expansion of
human activities (Bengtsson et al. 2003). The response of
ecosystem functions to single pulse disturbances may
represent trajectories of either short-term change or
more continuous degradation (Glasby and Underwood
1996, Lake 2000). An increasing recurrence of pulse
disturbances is likely to have more severe consequences
for ecosystem functioning as the transition from pulse to
press disturbances is expected to reduce ecosystem
resilience (Bengtsson et al. 2003). Ultimately, the
consequences of repeated disturbances will depend on
the ecological memory of the system (i.e., the ‘‘network
of species, their dynamic interactions between each other
and the environment, and the combinations of struc-
tures that make reorganization after disturbance possi-
ble’’; Bengtsson et al. 2003). This ecological memory
might to some extent buffer against repeated distur-
bances, but when it is reduced (i.e., the shape of the
stability domain changes), there is an increased risk that
the ecosystem will turn into an alternative state, and that
ecosystem functions will become degraded (Scheffer et
TABLE 2. Results from PERMANOVA and PERMDISP
examining the effects of increasing hypoxic disturbance
(i.e., treatments) on ecosystem multifunctionality.
PERMANOVA df SS pseudo-F P (perm)
Organic matter 1 41.101 8.351 ,0.001




Treatment 4, 15 0.900 0.661
Notes: Sediment organic matter was included as a covariable
in the analysis. The ecosystem function matrix included all
ecosystem functions given in Table 1. P values were obtained
for predictor variables by 9999 permutations, P (perm).
TABLE 3. Pairwise a posteriori comparisons for PERMANO-
VA and PERMDISP describing differences in ecosystem
multifunctionality between treatments (cf. Table 2).
Pairwise tests PERMANOVA PERMDISP
Treatment t P (perm) t P (perm)
C and R1 1.515 0.048 0.080 1.000
C and R3 1.745 0.056 0.631 0.598
C and R5 2.816 0.027 0.033 0.973
C and L 4.014 0.013 1.114 0.550
R1 and R3 1.262 0.158 0.968 0.454
R1 and R5 2.168 0.022 0.351 0.599
R1 and L 3.469 0.012 2.699 0.029
R3 and R5 1.385 0.098 1.188 0.405
R3 and L 2.273 0.006 0.599 0.683
R5 and L 1.767 0.013 3.432 0.031
Notes: Sediment organic matter was included as a covariable
in the analysis. The ecosystem function matrix included all
ecosystem functions given in Table 1.
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al. 2001, Bengtsson et al. 2003, Ives and Carpenter
2007). Consequently, there is an urgent need to assess
ecosystem vulnerability against repetitive disturbances,
and evaluate the possible consequences for ecosystem
functioning.
By increasing the occurrence of repeated hypoxia
to a coastal, sedimentary ecosystem, we showed that
most of the examined ecosystem functions were
gradually degraded in response to the hypoxic stress.
Thus, the increasing number of repeated pulse
disturbances (R1, R3, R5) gradually moved the
system closer to a press response (as represented by
the L treatment; Fig. 2). However, individual
ecosystem functions differed in their disturbance
response (cf. Appendix C: Fig. C1), and responses
in individual functions did not represent the joint
response of multiple ecosystem functions. The
degradation in ecosystem multifunctionality was
evident at an earlier stage than apparent from
analysis of single ecosystem functions, as it was
induced after one short pulse of hypoxia that
reduced ecosystem resistance to further hypoxic
perturbations. This implies that a range of ecosystem
functions (in our case both biological and biogeo-
chemical processes of the system representing eco-
system metabolism, elemental cycling, biomass
production, organic matter transformation, and
physical structuring; cf. Table 1; Giller et al. 2004)
should be taken into consideration when assessing
the consequences of disturbances, in order to aid
management and conservation of a desired ecosystem
status. In addition to disturbance recurrence, habitat
heterogeneity as well as disturbance-induced changes
in benthic trait composition were essential factors in
predicting the response in ecosystem multifunction-
ality. Our results emphasize that the response and
resistance of ecosystem functions to disturbances
should be evaluated under natural environmental
conditions, as there is a high level of connectivity
and interactions between the multiple elements of
marine coastal ecosystems (Townsend et al. 2011).
Responses in individual ecosystem functions
Hypoxia affects sediment ecosystem functions
through different processes (e.g., by altering diagenetic
pathways, reoxidation processes, organic matter degra-
dation, and organism survival; Kristensen [2000], Mid-
delburg and Levin [2009]). In general, we found that the
increasing hypoxic stress had the most severe effects on
biotic ecosystem functions (i.e., bioturbation, primary
and secondary biomass production, pigment degrada-
tion), while measures of sediment oxygen consumption
FIG. 2. The dbRDA (distance-based redundancy analysis) ordination for multiple ecosystem functions vs. the ﬁtted
explanatory variables habitat heterogeneity (OM) and increasing hypoxic disturbance (treatment). Vector overlays (shown if .0.5)
represent multiple partial correlations of the explanatory variables with the dbRDA axes. Disturbance (horizontal vector) and
organic matter (vertical vector) are increasing in the direction of the arrows. Ecosystem functions, showing signiﬁcant correlations
with dbRDA axes 1 and 2 (Pearson, 0.5 . r . 0.5, P , 0.01) are marked in the direction toward which they are increasing.
Abbreviations are: Ps, secondary somatic production; BPc, benthic bioturbation potential; O2, sediment oxygen consumption (i.e.,
inﬂux); OM, organic matter.
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and nutrient exchange (i.e., PO4
3, Fe2þ, NH4
þ) were
signiﬁcantly reduced only after 30 days of uninterrupted
hypoxic disturbance. Functions such as nitriﬁcation,
denitriﬁcation, as well as the efﬂux of silicate were
foremost directed by habitat heterogeneity (cf. Table 1).
Oxidation–reduction reactions (early diagenesis) are
reversible and might recover quickly. For example, our
results indicate that a 24-h period of reoxidation was
enough to oxidize part of the Fe compounds at the
sediment surface, affecting binding of PO4
3 to the
sediment. In the reoxygenated sediments of the R3
treatment, some iron-bound PO4
3 remained in the
sediment and hindered sorption of added PO4
3
(Appendix B: Fig. B1b). Continuous hypoxia (L),
however, resulted in leakage of PO4
3 out from the
sediment, which could be seen as more efﬁcient PO4
3
sorption to reoxidized sediment (i.e., to vacant binding
sites) (Appendices B and C: Figs. B1b, C1). Prolonged
hypoxia resulted also in negative ﬂux of Fe2þ, which can
indicate its capture to the solid phase as ferrosulphide.
Overall, it seems as short, repeated hypoxic periods
might have a limited direct effect on biogeochemical
functions that foremost depend on diffusion processes,
and that these functions might rapidly recover through
reoxidation processes in surface sediments when oxic
conditions reestablish (Middelburg and Levin 2009).
Functions affected by microphytobenthos have shown
resilience toward hypoxic disturbance (Larson and
TABLE 4. Results of variation partitioning analysis (DISTLM) quantifying the marginal and
sequential (pure) effects of sediment organic matter (continuous variable) and treatment
(categorical variable) on ecosystem multifunctionality. A reduced set of ecosystem functions and
treatments was used when adding benthic trait composition (as explained by principal
coordinates analysis, i.e., PCO axes 1and 2; cf. Fig. 1) as an explanatory variable in the analysis.
Source of variation R2 df res df regr Pseudo-F SS (trace) P (perm)
Predictors
OM 0.180 18 2 3.958 41.101 0.006
Treatment 0.510 15 5 3.898 116.210 ,0.001
Total 0.698 14 6 6.465 159.090 ,0.001
Pure OM 0.188 14 6 8.712 42.882 ,0.001
Pure treatment 0.518 14 6 5.993 117.990 ,0.001
OM 0.375 14 2 8.387 46.731 ,0.001
Treatment 0.273 12 4 1.504 34.083 0.125
Benthic traits 0.241 13 3 2.065 30.076 0.044
Total 0.770 9 7 5.029 96.074 ,0.001
Pure OM 0.285 9 7 11.146 35.493 ,0.001
Pure treatment 0.196 9 7 2.560 24.456 0.004
Pure benthic traits 0.129 9 7 2.531 16.119 0.024
Notes: Abbreviations for df are: res, residual; and regr, regression.
FIG. 3. Diagrams presenting the results of variation partitioning analysis performed on data describing ecosystem
multifunctionality. For panel (A), overall ecosystem multifunctionality, the diagram represents the unique and shared contribution
of habitat heterogeneity (OM) and increasing hypoxic disturbance (treatment), as well as the percentage of unexplained variance.
For a reduced set of treatments (L excluded) and functions (Ps and BPc excluded), panel (B) represents the contributions of habitat
heterogeneity, treatment, and benthic trait composition (as explained by principal coordinates analysis, i.e., PCO axes 1 and 2; cf.
Fig. 1).
* P , 0.05; ** P , 0.001.
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Sundba¨ck 2008). However, in our study the micro-
phytobenthic biomass was gradually degraded in re-
sponse to the dark, hypoxic conditions, and was not able
to recover from losses between periods of stress. Hence,
processes provided by these autotrophs, such as
sediment oxygenation, nutrient uptake, and food supply,
might become impaired by repeated hypoxic events and
become further counteracted by mineralization process-
es of dead microalgae. Indeed, we observed increases in
pigment degradation ratios with the increased stress,
and our results support observations that microphyto-
benthic pigment degradation in dark conditions occurs
within days or weeks (Veuger and Van Oevelen 2011).
However, not only darkness, but also direct oxygen
stress has been shown to decrease benthic microalgae
and their primary production (Conley et al. 2007), but in
our experiment, we could not separate the inﬂuences of
these two stressors on the benthic primary producers.
Importantly, pigment degradation coincided with a
signiﬁcant positive effect on the efﬂux of silicate,
indicating ongoing degradation of diatom material.
The benthic fauna may survive and recover from brief
hypoxic periods (hours to days) possibly retaining
macrobenthic functions as species differ in their
resistance to hypoxia (Vaquer-Sunyer and Duarte
2008). We did, however, observe a gradual degradation
of macrobenthic functions such as secondary biomass
production and bioturbation with repeated hypoxic
disturbance. When exposed to increasing hypoxic stress,
the degradation pattern in benthic community functions
can be more directed by losses in faunal abundance and
biomass (i.e., dominance alterations), than by extinction
of individual species or traits (Villna¨s et al. 2012). This
was also indicated in this study when comparing changes
in benthic biological traits with changes in the abun-
dance and biomass composition of the fauna (cf. Fig. 1
and Appendix D). Importantly, the multivariate anal-
ysis indicated that the repeated disturbance caused
threshold-like responses in the trait composition of the
macrobenthic community (cf. Andersen et al. 2009). The
multivariate pattern of benthic traits (i.e., benthic
feeding mode, mobility, size, bioturbation mode, and
position in sediment) showed a clear separation if
comparing treatments exposed to no, or a single pulse
(C, R1) of hypoxic disturbance vs. treatments with
repeated hypoxic stress (R3, R5). Similarly, the PCO
analysis clearly separated the L treatment, which had no
benthic fauna, from the others (Fig. 1). Our results are
in line with early studies showing that increasing
frequencies of disturbance do impair benthic communi-
ties (Dayton 1971, Sousa 1979). The fact that the
repeated hypoxic disturbance severely impaired benthic
trait composition has long-term consequences, as
benthic communities can show a delayed or even
hysteresis-like recovery from such disturbances (Diaz
and Rosenberg 2008).
Although natural systems are inherently variable in
time and space, this variability is rarely considered when
assessing ecosystem functioning (Dyson et al. 2007). By
performing a ﬁeld experiment, we encompassed signif-
icant habitat heterogeneity in our study, exempliﬁed by
differing sediment properties between replicate blocks.
Habitat heterogeneity (i.e., variations in sediment
organic matter) alone explained 17–19% of the variation
in ecosystem multifunctionality, and sediment organic
matter content was the main explanatory variable for
ecosystem functions such as nitriﬁcation and denitriﬁ-
cation rates. This was probably due to the strong
association of nitriﬁers and denitriﬁers to the organic-
rich fraction of the sediment (Ja¨ntti et al. 2011).
Furthermore, the insigniﬁcant effects of hypoxic stress
on sediment nitriﬁcation rates might also be explained
by the ability of nitriﬁers to survive periods of inactivity
when exposed to hypoxia and to rapidly recover their
activities when oxic conditions reestablish (Henriksen et
al. 1981). That no evident effects of hypoxic stress could
be observed on sediment denitriﬁcation rates is in line
with results reported by Hietanen and Lukkari (2007),
who found no change in sediment denitriﬁcation rates
after two weeks of anoxia. Similarly, differences in
sediment properties also affected the sorption of PO4
3,
as ﬁner sediments provided a higher total particle
surface area for PO4
3 sorption (cf. Appendix B: Fig.
B1a). Our results are in agreement with studies ﬁnding
that habitat heterogeneity is an important predictor
modifying ecosystem functions, either through exerting
direct effects on ecosystem processes (Hooper et al.
2012, Maestre et al. 2012) or by interacting with biotic
communities (Dyson et al. 2007, Tylianakis et al. 2008).
Due to logistical constraints and hence limited replica-
tion, we could not explore the interactions between
habitat differences and different disturbance levels,
although this information would be essential for
predicting the effects of disturbances on larger spatial
scales. This is recommended in future research, as it is
evident that spatial heterogeneity is of importance when
considering ecosystem functions such as nutrient cycling
at larger scales (Dyson et al. 2007).
Resistance of multiple ecosystem functions:
implications for ecosystem resilience
Disturbances can affect ecosystems in complex,
nonlinear, and often unpredictable ways. Hence, eco-
system responses to increasing disturbance dynamics
have been classiﬁed into three general categories: scale-
independent, continuous, and threshold-like (Scheffer et
al. 2001, Suding and Hobbs 2009). Analyses of long-
term data from hypoxia-prone areas have suggested that
ecosystems might respond to hypoxia in a threshold-like
manner (Conley et al. 2007, 2009). The resilience of an
ecosystem to hypoxia becomes reduced when important
buffers supporting the maintenance of oxic conditions
(e.g., electron acceptors and bioturbation) become
depleted (Conley et al. 2009). Once the threshold to an
anaerobic state is exceeded, there is an accumulation of
reduced components in the system (i.e., H2S) that
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consume any diffusing oxygen and buffer sediment
reoxygenation, which increases ecosystem susceptibility
to further hypoxic stress (Conley et al. 2009). The results
of our study suggested a continuous, negative response
in ecosystem multifunctionality to repeated hypoxic
stress, and no abrupt threshold that would have
indicated the transfer from oxic to anoxic processes
was detected (cf. Fig. 1). That we could not identify a
sudden threshold in the overall response was probably
due to differences in the resistance of individual
ecosystem functions, and because of the partial recovery
of some biogeochemical functions during intermittent
reoxygenation processes. Despite these differences, the
overall degradation pattern in ecosystem functioning
indicated, at an earlier stage than single ecosystem
functions, that ecosystem resistance became reduced and
that the system became increasingly vulnerable with
repeated hypoxic stress. Such gradual degradation
patterns are important to identify, as they diminish
ecosystem resilience and the stability domain of the
system (Scheffer et al. 2001). Hence, consideration of
disturbance-induced changes in multiple ecosystem
functions serves as a warning signal for losses of the
adaptive capacity of an ecosystem, and might in an early
stage provide information to managers and policy
makers when remediation efforts should be initiated.
Consequences of recurring disturbance for biodiversity
and ecosystem multifunctionality
A large body of research emphasizes the importance
of biodiversity for sustaining the properties and
processes of ecosystems (Cardinale et al. 2012, Naeem
et al. 2012). However, from an ecosystem management
point of view, there is an increasing need to expand this
concept and consider the underlying causes for changes
in biodiversity and their relative importance for changes
in ecosystem functioning (Srivastava and Vellend 2005).
Our results suggested that the increasing hypoxic
disturbance was the major explanatory factor for the
variation in ecosystem multifunctionality (Fig. 3A), and
that the repetitive disturbance also directed the degra-
dation of the macrobenthic community (Fig. 1; Appen-
dix D). Importantly, when considering the trait
composition of the macrobenthic community as an
additional predictor variable for overall ecosystem
functioning, we found that the amount of variability in
ecosystem multifunctionality explained by the distur-
bance-induced changes in the benthic community was
comparable to the amount explained by disturbance,
and that there was a large overlap (31%) between these
variables (Fig. 3B). This indicates that the impairment of
natural biotic communities might account for a sub-
stantial proportion of the changes in ecosystem multi-
functionality during disturbance scenarios.
Ecosystem resilience is the result of complex interac-
tions and feedbacks between multiple ecosystem func-
tions and properties (Thrush et al. 2012). Nevertheless,
from a biodiversity perspective, disturbance-induced
changes in biotic communities can have severe implica-
tions for ecosystem resilience, as species inﬂuence a broad
range of ecosystem functions (Thrush et al. 2009, 2012,
Townsend et al. 2011), and might have a delayed recovery
after ceased disturbance in comparison to other ecosys-
tem components. Our study suggests that benthic traits
determining ecosystem functions such as physical struc-
turing and secondary biomass production are important
for a healthy ecosystem, as they inﬂuence a range of
ecosystem functions, including ecosystem metabolism,
elemental cycling, and primary production, as well as
organic matter transformation (e.g., Norkko et al. 2006,
Middelburg and Levin 2009, Josefson et al. 2012, Thrush
et al. 2012). The degradation of benthic biological traits
observed in our study was thus likely to have a profound
impact on ecosystem resilience compared to the other
functions investigated, as it impaired the adaptive
capacity of the system (cf. Bengtsson et al. 2003). Many
ecosystems are experiencing gradual degradation, which
results in slowly shifting baselines and reduced expecta-
tions (Dayton et al. 1998, Villna¨s and Norkko 2011).
Although ecosystem functionality is determined by the
present state of the environment and the biota, our results
emphasize that the disturbance history of a system is a
key element for understanding the vulnerability of
ecosystems to further degradative change. Importantly
our results suggest that even small, but recurring,
disturbances can reduce ecosystem resilience by changing
its overall functionality, and transfer the system closer to
continuous degradation.
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